The production of unconsciousness (hypnosis) and inhibition of memory formation (amnesia) require effects on cortical function; 118 120 on the other hand, the suppression of motor and autonomic responses to noxious stimuli and the inhibition of sensory processing may well occur at subcortical sites. Many anaesthetic agents, in clinically used doses, can produce several components of anaesthesia, but they typically show a pro®le of preferred actions. Moreover, neurotransmitter receptors and other putative neuronal targets of anaesthetics (such as voltage-gated or background ion channels) have a distinct distribution and density in the central nervous system (CNS). For example, the GABA A receptors in different regions of the CNS are composed of varying combinations of subunits which differ in their sensitivity to anaesthetics. 88 Therefore, anaesthetics may preferentially affect certain regions of the CNS and may show, for example, a`top-down' or`bottom-up' effectiveness with increasing dose within the hierarchically organized neural systems.
This review will focus on in vivo animal studies recording neuronal activity in the peripheral nervous system (PNS) and CNS involved in the different aspects of the anaesthetic state induced by general anaesthetics. We discuss a selection of studies undertaken with this aim, but further data can be hidden especially in electrophysiological investigations on CNS functioning, where the anaesthesia of the experimental animal is a necessary but not central issue. A common end point for studies on anaesthetic mechanisms is the withdrawal response to noxious stimulation, which comprises a motor and a sensory component and some information processing with all three readily assessable in electrophysiological recordings. The suppression of sensory perception is accessible for study in animal models; the site within the ascending sensory pathways and the neuronal networks affected by anaesthetics and their targets among the constituents of synaptic transmission can be explored. As suppression of pain is one of the major goals of anaesthesia and, indeed, most in vivo studies on the mechanisms of anaesthesia address questions about processing of pain and touch, this review will focus on the somatosensory system (see Fig. 1 ). There are few studies on suppression of hearing, another interesting aspect of anaesthesia in the operating room. Hypnosis and amnesia are 
Assets and drawbacks of in vivo electrophysiology

Recording methods
Methods used in in vivo animal studies on neuronal activity are: (1) evoked potential recordings of peripheral nerves, central ®bre tracts or nuclei, and cortical areas; (2) extracellular single neurone recordings of action potential (spike) discharges which re¯ect the excitability of the neurone above its ®ring threshold; and (3) intracellular recordings of postsynaptic potentials and action potentials.
The two questions, the`where?' and the`how?' of anaesthetic action may be answered to a varying extent with these methods. From latency measurements of evoked potentials, whether elicited by electrical or natural stimulation, the regions involved within the hierarchically organized systems of the CNS can be detected; electrical stimulation procedures can differentiate the ®bre types involved in the PNS and to a certain degree also in the CNS; and stimuli such as non-noxious mechanical or noxious laser-heat stimuli can discriminate between sensory modalities. Evoked potentials of the CNS originate from a large population of neurones and re¯ect postsynaptic, rather than spike, events. Hence, they re¯ect a gross average of the net population activity, obscuring differential functions within the network. Therefore, details of the transmission and processing of stimulus information necessary for sensory perception of, for example, intensity, quality, duration, and velocity, cannot be assessed.
Extracellular single neurone recordings, in contrast, are ideally suited to provide this kind of information. Several caveats, however, have to be considered. (1) To infer from one neurone to the population within the system requires data from larger numbers collected sequentially or simultaneously from multi-electrode arrays. (2) An electrode introduced into a CNS nucleus picks up action potentials from different parts of a neurone: the soma and dendritic branches, and the axon. Axons found within a nucleus typically may originate from three sources: ascending and descending input ®bres and ®bres from the neurones of the nucleus itself, traversing it en route to their termination ®elds. Soma and ®bre recordings can be distinguished electrophysiologically by their form and duration. The sources of ®bres can be identi®ed by orthodromic and antidromic electrical stimulation. (3) Two types of neurones usually comprise a CNS nucleus: neurones projecting to one or several other brain regions and interneurones making connections within the nuclear boundaries. Projection neurones can be positively identi®ed by electrophysiological means (antidromic activation from the site of their axonal projection), interneurones cannot. In the spinal dorsal horn the situation is particularly complex, as not only neurones belonging to different ascending and descending systems occur in close proximity or may even feed into several systems, but also those mediating different modalities/submodalities (touch, proprioception, visceroception, pain). Within the somatosensory system, low-threshold mechanoreceptive (LTM), wide dynamic range (WDR), and high-threshold (HT), that is nociceptive-speci®c, neurones may occur intermingled also at higher CNS stages (for de®nition of neuronal classes, see below). These, however, can be identi®ed by use of stimuli known to activate adequately the sensory receptors within their peripheral receptive ®eld (RF) (see also Fig. 2 ). Even more complicated than in the`speci®c' sensory CNS areas, is the situation in the`non-speci®c' areas, that is modulatory regions such as, for example, the brain stem reticular
Fig 1 Schematic diagram of the major pathways of the rat's somatosensory system transmitting information about touch from mechanoreceptors and information about painful stimuli from nociceptors to the primary somatosensory cortex (SI). Mechanoreceptive signals ascend to the dorsal column nuclei (DC, extracranial system) or principal trigeminal nucleus (Pr5, cranial system) and travel to the contralateral VB complex; the midline is represented by a dotted line. Nociceptive signals ascend to the dorsal horn (DH, extracranial system) or spinal trigeminal nucleus (Sp5, cranial system) and reach the PO complex on the contralateral side. Modulatory in¯uence on these pathways is exerted by descending bulbospinal projections, for example, the PAG and MRF, and from thalamic (TRN) and cortical regions. formation or cortical association areas, where the association between neuronal activity and experimental stimuli is not always clearly discernible (see below). These cortical regions, however, are considered to be the sites responsible for conscious perception and hence those most interesting to study in the context of mechanisms of anaesthesia.
Apart from certain neurosurgical procedures, single neurone recordings in humans are dif®cult to obtain and obviously not suitable for systematic study. 71 112 Studies in humans using recordings of gross neuronal signalling activity (EEG and MEG) or imaging techniques which are based on cerebral metabolic (CMR) or blood¯ow (CBF) changes associated with neuronal function (fMRI, SPECT, PET) have highlighted brain areas involved in anaesthesia, that is the`where?' of anaesthetic action. An implicit but pivotal assumption for this type of imaging study, and for many in vivo electrophysiological studies in animals, is that an anaesthetic-induced change in neuronal activity (as measured by neuronal activity or CBF/CMR change) results from the local effect of the drug at the site where the measurement is taken. This, however, is not necessarily so: on the contrary, the effects measured may re¯ect anaesthetic action at a quite distant site. 76 For example, an anaestheticinduced decrease in cortical activity may result from suppression of the transfer of information at cortical, thalamic, brain stem, spinal, and/or peripheral sites. The ideal method, therefore, would be to record neuronal activity simultaneously at all of these sites; an approach hindered among other things, when natural stimulation is used by the requirement to match RFs. An approach to investigate the spinal actions of anaesthetics is to isolate the spinal cord by proximal spinal cooling, transection, or decerebration; these manoeuvres, however, may produce their own alterations (see below). An elegant method to Electrophysiology in animal models: mechanisms of anaesthesia? circumvent the dif®culty to pinpoint the site of anaesthetic action is to record from a single neurone and, simultaneously, locally administer drugs to the neurone's vicinity (using microiontophoresis or picoejection) that activate or inhibit membrane receptors/channels. This method in addition provides information about the`how?' of anaesthetic action.
Nearly all anaesthetics and agonists/antagonists at their potential targets (such as presynaptic and postsynaptic neurotransmitter receptors, ion channels, or uptake mechanisms) can be administered by microiontophoresis or picoejection. The pitfalls of these techniques, for example, unspeci®c neuronal excitation by current, pH, or high doses of ejected drugs, have to be controlled carefully. The dose of the ejected drug is dif®cult to determine as it depends on the time and current of application or the ejection pressure, the duration, and frequency of the pulses. Furthermore, the dose depends on the distance and geometry of the pipette tips with respect to the recorded neurone, the diffusion within the tissue and the uptake or metabolic mechanisms present; thus, the dose has to be adapted to each individual recording situation. Quanti®cation of the effects of ejected drugs, therefore, warrants careful interpretation. 59 73 Intracellular recordings address the`how?' in even more detail; however, in vivo the recording time is limited and usually cannot be extended to the several hours necessary to permit repeated systematic changes in experimental conditions.
In single neurone recordings the traditional measure taken is the action potential discharge rate (expressed as impulses or spikes or events per unit of time). In studies using experimental stimuli, a distinction is made between the ongoing (`spontaneous') activity, that is the discharge activity in the absence of experimental stimulation, and the response activity evoked by electrical stimulation of afferent inputs or`natural' stimulation of the RF of the neurone using stimuli adequate for the sensory modality under study (see Fig. 2 ). Normally, the response rate is determined by stimulation of the centre of the RF, which is the peripheral area from which the highest response rate can be elicited. Another measure of response activity is the size of the RF, which is determined by mapping the boundaries of the RF area. RFs of CNS neurones may be larger or smaller than those of primary afferents because of convergence and differential organization of centre/surround areas. The discharge pattern, such as tonic or burst ®ring, or afterdischarges, is also considered to hold important information. In contrast to stimulus-evoked response discharges, the biological signi®cance of the ongoing activity is not readily discernible under most experimental conditions. Many attempts based on sophisticated mathematics have been applied to decipher these spike train patterns. 49 91 120 125 The question remains whether changes in discharge rate adequately re¯ect the neuronal processes underlying the anaesthetic-induced suppression of sensory perception, hypnosis, and amnesia.
Animal models
The effects of anaesthetics have been studied in animal models using a background anaesthetic for`baseline' recordings followed either by the administration of another anaesthetic or higher doses of the initial anaesthetic; with this preparation, the production of anaesthesia per se cannot be studied. The need for a reliable drug-free baseline has resulted in the use of decerebrate animal models that limit experiments mostly to studies on spinal cord mechanisms. As the gross surgical intervention of decerebration again results in an unphysiological state (for further discussion, see below), chronic preparations have been established where rats, cats, and monkeys were trained to accept a recording and stimulation session while being restrained. Again, training and the experimental situation might impact on the results. Recently, models of unrestrained animals have been developed, which, in turn, suffer from problems of inconsistent stimulus presentations.
While the possibility to compare the activity of individual neurones in the awake and anaesthetized animal is appealing, to maintain a recording from the same neurone under both conditions is technically challenging; therefore, some authors prefer the comparison of the activity between two sets of neurones, one`awake' and one`anaesthetized'. Furthermore, the`awake' condition does not necessarily re¯ect a uniform state of neuronal activity, but it is subject to shifts in arousal and attention (e.g. 42 82 ). Apart from different preparations, a reason for incongruent results in animal studies may be species differences. Furthermore, translating results from animals to the situation in humans may suffer from similar constraints.
Somatosensory system
The somatosensory system comprises touch and pain modalities. Figure 1 shows a simpli®ed diagram of the major pathways. The peripheral sensors in the skin, muscles, joints, and internal organs are terminals of Ab-®bres and classi®ed as LTM (SA, RA, and PC); terminals of Ad-and C-®bres constitute the nociceptors. Tactile events are encoded in trains of action potentials that contain information about stimulus features (intensity, duration, velocity, and location on the body surface). Nociceptors of the skin are activated by mechanical, thermal, or chemical noxious stimuli, which are those damaging or threatening to damage the integrity of the body surface. Nociceptive and tactile information from the body periphery is conveyed via the spinal cord (dorsal horn, extracranial areas; spinal trigeminal nucleus, cranial areas) and brain stem (dorsal column nuclei; principal trigeminal nucleus), respectively, to the posterior (PO) and ventrobasal (VB) complexes of the thalamus and further on to the primary somatosensory cortex. Throughout the ascending pathways, the body surface is represented in somatotopic order.
These lateral thalamic and cortical areas are the targets of the sensory-discriminative aspects of pain, whereas the motivational-affective aspect of pain is mediated in medial regions, mostly via the brain stem reticular formation and medial thalamic nuclei. Primary and secondary sensory cortices receive inputs from the lateral system, while the medial system projects to other cortical regionsÐfor example, the cingulate gyrus, or the prefrontal cortex. Information is not merely relayed in the different stages of the ascending pathways, but processed by local networks involving intrinsic interneurones and modulated by descending connections from the cortex, and from thalamic and brain stem regions for which the thalamic reticular nucleus (TRN), the mesencephalic reticular formation (MRF), and the periaqueductal grey (PAG) are shown as examples in Figure 1 .
Peripheral nervous system
In vivo studies on the effects of general anaesthetics on sensory receptors or peripheral nerve ®bres are sparse. Axonal conduction of action potentials, even in ®ne unmyelinated nerve ®bres, appears largely to be unaltered by anaesthetics as much higher (supraclinical) concentrations of anaesthetics are necessary to produce any effect compared with those altering synaptic transmission (for review see 95 96 ). 15 69 As early as 1967, de Jong and Nace 32 studied the effects of ether, methoxy¯urane, halothane, and nitrous oxide on the compound action potential of the saphenous branch after electrical stimulation of the femoral nerve, and on action potential responses to mechanical stimulation of the nerve ®bres' cutaneous RFs. They used concentrations up to ranges where the EEG and/or the arterial pressure were profoundly depressed. The only signi®cant change seen was a small increase of the C-wave under ether. Intravenously administered pentobarbital had no effect. They concluded from their study that volatile anaesthetics in usual anaesthetic concentrations have no important effect on conduction in the peripheral nerve or on generation of impulses in cutaneous receptors. Correspondingly, the tuning curves of auditory nerve ®bres in the gecko were best (lowest thresholds, highest discharge rates) under pentobarbital and decreased only with high doses of iso¯urane or ketamine. 40 Using intracellular recordings, Puil and Gimbarzevsky 94 studied anaesthetic effects on membrane potentials and electrical properties of trigeminal root ganglion neurones in decerebrate guinea pigs. In more than two-thirds of the neurones, iso¯urane (2±3% for 0.5±3 min) caused no consistent alterations of electrical neuronal properties; in the remaining neurones, iso¯urane (2±4%) modestly reduced neuronal excitability as re¯ected in a reduction in spike electrogenesis and repetitive ®ring. In contrast, nitrous oxide had predominantly excitatory effects with increased repetitive ®ring.
Some anaesthetics, however, seem to cause sensitization of cutaneous nociceptors innervated by Ad-and C-®bres.
This was demonstrated for halothane (0.8%)/nitrous oxide (67%) as opposed to barbiturate anaesthesia in monkeys. 18 It is interesting to note that the threshold to heat stimuli decreased and the responses increased (2-fold for C-®bre afferents; 5-fold for A-®bre afferents), whereas no changes to innocuous mechanical stimulation were seen in these mechanosensitive and heat-sensitive ®bres. This implies a differential effect of halothane on the different types of transduction mechanisms recently shown to underlie heat and mechanical nociceptors. 20 A similar excitatory effect of halothane, iso¯urane, and en¯urane was demonstrated for C-®bres in an in vitro rabbit corneal preparation. 74 However, these excitatory effects on peripheral nociceptors cannot account for the suppressive effects of volatile anaesthetics on CNS neurones. This is also supported by a study in dogs, 8 where the authors determined the minimum alveolar concentration (MAC) of iso¯urane (as tested with noxious stimulation at the tail), and showed that MAC is independent of peripheral iso¯urane effects when isolated perfusion of hind limbs and tail was used to allow the selective reduction of iso¯urane concentration.
Spinal cord
At the level of the spinal cord, two systems are of interest: the ventral horn with the motor neurones as the output side of motor re¯exes and the dorsal horn with sensory neurones feeding into the motor re¯exes and into the ascending sensory pathways. Somatosensory neurones are classi®ed as LTM, WDR, and HT or NS (nociceptive-speci®c). LTM neurones respond maximally to low-threshold (innocuous) mechanical stimulation of their RF (light touch, pressure, hair movement, or vibration) without an increase with stimuli reaching the HT (noxious) range ( Fig. 2A and B ; see also Fig. 4 ). WDR neurones receive both low-and highthreshold input and thus respond with increasing discharges to mechanical stimuli from the innocuous to the noxious range (Fig. 2C ). In addition to the mechanosensitivity, many of the WDR neurones also respond to noxious thermal stimuli and receive convergent input from muscle and viscera. HT neurones are activated only by stimuli of noxious strength (Fig. 2D) .
Studies on the mechanisms of suppression of pain-evoked movements have shown that the spinal cord contributes signi®cantly (for review see 28 ). Volatile anaesthetics, barbiturates, nitrous oxide, and propofol depress re¯ex activity (nocifensive movements) by both suppression of the excitability of spinal motor neurones and by suppression of responses of spinal nociceptive neurones in rats, cats, and monkeys ( Fig. 3) . 28 84 The effects are dose-dependent and appeared to be largely independent of supraspinal actions, as has been demonstrated by the block of the descending modulatory in¯uences through transection or reversible cooling of the spinal cord, or in decerebrate animals. 33±36 68 124 Also, differential lamina-speci®c anaesthetic effects have been described in the dorsal horn. 68 A . Although the increasing stimulus pressure reaches the noxious range (the animal showed the ®rst sign of the re¯ex withdrawal at the end of the stimulus) the response does not increase as is typical for LTM type neurones; this is shown also for the anaesthetized condition, demonstrating the preserved tonic response pattern while the response magnitude decreases (reduction to 50% of the initial response during touching the skin before pressure is increased; black bars) (from 113 ).
Vahle-Hinz and Detsch different approach was taken in a preparation (goat model) where the circulation and hence anaesthetic supply to the brain and to the spinal cord was separated. 7 In this model propofol and thiopental had a direct depressant effect on nociceptive responses of dorsal horn neurones, while administration of propofol or thiopental to the cranial circulation (hence to the brain) had no effect. 12 110 The suppression of nociceptive sensory transmission by general anaesthetics is similar to the effects of opioids administered to the spinal cord (e.g. 60 67 111 123 ). Ketamine seems to play a special role, also evident from a selective depressant effect on dorsal horn nociceptive neurones as opposed to LTM neurones. 29 113 However, Cairns and colleagues 17 have shown that ketamine may have a shortacting effect on LTM neurones in the trigeminal nucleus.
With the availability of animal models using awake rats, cats, or monkeys it became possible to compare the activity of dorsal horn cells in the drug-free situation with that during administration of anaesthetics.
16 25 75 Because of the constraints on using noxious stimuli in awake animals while recording from spinal cord neurones, the focus shifted to LTM neurones and therefore towards ascending sensory processing instead of studies on spinal mechanisms of nociception. In most studies, anaesthesia-induced reduction of low-threshold RF sizes (by about 50%) and LTM response rates were demonstrated, while similar changes were shown for (the few) WDR neurones, and no nociceptive-speci®c neurones were tested. 66 89 113 This was shown for propofol (Fig. 4) , while ketamine had no effect 113 and RFs increased during REM sleep. 66 Halothane again induced reduction of RF sizes and responses to brushing the RF or application of continuous pressure (tonic response). 89 Although no data were presented, it was noted that responses to slowly adapting input appeared more susceptible to halothane than responses to rapidly adapting input. On the other hand, 2.1% en¯urane increased LTM responsiveness to almost 200%, while RF size was reduced. 126 Interestingly, in the same study it was found that WDR responses to innocuous stimulation increased with en¯urane, while responses to noxious stimuli were reduced to approximately 50%.
In contrast to these studies in rats and cats, in a chronic sheep model (Fig. 5 ) RF sizes were signi®cantly larger under halothane (1.5±2.5%) for WDR, LTM, and NS neurones, but ongoing activity was not affected. 56 57 The increase in RF size was assumed to be probably because of a dampening of the descending inhibitory control by halothane. Von Frey mechanical threshold was higher only for WDR neurones. Although populations rather than individual neurones were compared, the results are validated by a large number of neurones studied in both the dorsal and ventral horns. The con¯icting results from the awake sheep model 56 compared with rat or cat models 33 35 89 124 126 pose interesting questions; apart from the species differences, effects of training the animals to sit quietly during the recording session, or the effects of the acute spinalization/decerebration, that is, removal of descending inhibition, might play a role. Spinal neuronal responsiveness is altered in a time-dependent manner when descending modulatory controls are removed, 9 53 62 122 resulting, for example, in overexcited neurones (as seen in high ongoing activities). Cutaneous RFs are controlled by descending in¯uences and spinal section usually causes expansion of RFs, 43 119 although reduction of RFs may also result. 124 Another way to pinpoint anaesthetic action to a speci®c site is the experimental testing of neurotransmitter receptors known to be affected by the drugs from in vitro studies. There are only a few studies of this type. The halothaneinduced reduction of RF size was reversed 50% by intravenously administered picrotoxin, while it had no effect on the brush response. 89 The suppressive effects of propofol (measured with tail-¯ick latency) within the spinal cord involve GABA A receptors as demonstrated by intrathecal administration of the GABA A antagonist bicuculline. 83 In addition, spinal d-opioid receptors may be activated indirectly. A more direct study on presynaptic and postsynaptic sites of action of anaesthetics was done by Galindo 46 using the cuneate nucleus of decerebrate cats. ).
Electrophysiology in animal models: mechanisms of anaesthesia?
Through careful electrophysiological identi®cation of the neuronal elements (relay and interneurones, responsiveness to skin, hair, or joint stimulation) and local administration of the anaesthetics and of glutamate and GABA by iontophoresis from multi-barrel pipettes, differences in the mechanisms of the depressant action of a local anaesthetic (procaine), a barbiturate (pentobarbital), and a volatile anaesthetic (halothane) were dissected. Procaine was found to have a non-speci®c depressant effect on presynaptic and postsynaptic elements, while pentobarbital speci®cally suppressed postsynaptic excitation and halothane enhanced synaptic inhibition, that is the effect of locally administered GABA. Facilitatory effects have been shown for low concentrations of inhaled anaesthetics that may induce hyperalgesia (paw withdrawal to heat 127 ), similar to barbiturates which unmask nociceptive properties in spinal cord neurones.
26 27 61 Facilitation of synaptic transmission through dorsal column nuclei has been demonstrated in the decerebrate cat to result presumably from enhanced release of transmitter under halothane, ketamine, methohexital, and pentobarbital. 80 The spinal cord dorsal horn has been shown in many studies to be the major site of action of anaesthetics for the suppression of purposeful movements in response to noxious stimuli. When a small range of iso¯urane concentration on either side of the MAC was used, however, variable but minimal depressant effects on responses of dorsal horn cells to noxious stimuli were found.
10 Whether this may apply to other anaesthetics is unknown. The suppression of the movement response to noxious stimulation, therefore, might require other inhibitory effects additional to those on dorsal horn neurones, for example, a direct effect on ventral horn motor neurones, and supraspinal modulatory in¯uences. The latter have been uncovered in the goat model when, with a low iso¯urane concentration delivered to the spinal cord, dosal horn nociceptive responses increased with decreasing central iso¯urane concentrations (Fig. 6) . 9 62 In conclusion, in most studies anaesthetics were shown to induce a decrease in the RF sizes and/or suppression of responses of nociceptive and non-nociceptive spinal cord neurones. For anaesthetic doses in the clinically relevant range this suppression of neuronal activity, however, is incomplete. The anaesthetic-induced suppression of paininduced movements, therefore, may require suppression of activity at several sites, for example, in spinal dorsal and ventral horns and at supraspinal sites. Furthermore, response characteristics, for example, sustained discharge during stimulus presentation, are usually preserved (see Vahle-Hinz and Detsch and 6). However, apart from RF sizes, detailed studies considering other properties of encoding stimulus information, such as velocity of movement, strength of pressure, duration, or vibration are largely missing. Results from studies using spinal cord transection and/or decerebration might have been confounded by effects of the gross surgical interventions and the removal of descending modulatory in¯uences. Surprisingly, few in vivo studies so far have addressed in detail the question of`how?' do anaesthetics affect spinal cord information processing.
Brain stem
In general, a distinction is made between the`speci®c' sensory systems and the`unspeci®c' sensory system, of which the brain stem reticular formation is an important component. It is, amongst other things, involved in the control of arousal reactions, the sleep±wake cycle, or vegetative/autonomic responses. The TRN is considered a diencephalic extension of the brain stem reticular formation (see below). This multimodal system receives its`speci®c' somatosensory input from collaterals of the ascending tracts. Its major efferent connections are to the cortex via the thalamus, to the limbic system, the hypothalamus, and the spinal cord. It exerts descending modulatory effects (inhibition and excitation) on the activity of spinal neurones via bulbospinal pathways (e.g. from the PAG and rostral ventral medulla); for example, tonic inhibition from the brain stem can decrease responsiveness and RF size of spinal somatosensory neurones. The brain stem reticular formation, thus, may play a central role in mediation of the anaesthetic-induced suppression of CNS neuronal activity.
Numerous studies investigated the effects of anaesthetics on the discharge activity of brain stem reticular neurones after sensory stimulation, and most of them described an anaesthetic-induced decrease in ®ring rates. One such study assessed the effects of thiopental on discharges of nucleus reticularis gigantocellularis neurones in decerebrate cats. 63 The authors demonstrated a dose-dependent decrease of ongoing and evoked (electrical stimulation of Ad-®bres) discharges which was comparable with the effects of halothane, nitrous oxide, morphine, and ketamine. 24 65 85 The local administration of ketamine by microiontophoresis, however, did not cause a change in the spontaneous ®ring rate of midbrain neurones. 1 Shimoji's group 99±102 described differential effects on midbrain reticular neurones, that is they found suppressed excitatory responses to sensory stimulation under most anaesthetics and potentiated inhibitory responses under barbiturates and deep inhalation anaesthesia.
The neurones in the pontomedullary raphe magnus and nucleus reticularis paragigantocellularis have been implicated to modulate spinal nociceptive transmission. Leung and colleagues 72 showed that iso¯urane did not activate the putative inhibitory output neurones, and concluded that these neurones do not contribute to the obliteration of nocifensive movements by iso¯urane. The effects of pentobarbital 79 and chloral hydrate 58 in the dorsal raphe nucleus were also studied in awake vs anaesthetized animal preparations. Heym and colleagues 58 found only a slight anaesthetic-induced decrease in spontaneous ®ring rate of serotonergic dorsal raphe nucleus neurones but a complete abolition of excitatory responses to auditory and visual stimuli.
The ventromedial medulla is another part of the descending control system involved in spinal nociceptive transmission. A comparison of the properties of ventromedial medullary neurones between the awake vs anaesthetized state revealed that responses to noxious stimulation were suppressed by methohexital and pentobarbital; in contrast, responses to innocuous stimulation were less affected. 86 87 Based on the assumption that anaesthetics may interact with descending spinal control mechanisms, it still has to be elucidated in detail how anaesthetics may enhance descending inhibition. 55 As the ventral tegmental area (VTA) is thought to participate in the control of behavioural arousal and excitation of cortical structures, studies have assessed the effects of anaesthetics on the activity of components of this midbrain system. The VTA dopaminergic neurones were shown not to be affected by anaesthetics. 77 105 A recent study using freely behaving rats assessed the effects of halothane, ketamine, and chloral hydrate on the discharges of VTA GABAergic neurones. 70 It was shown that adequate anaesthesia (determined by the absence of nocifensive movements) caused a decrease of the discharge rate and an alteration of the discharge pattern (Fig. 7) suggesting that this part of the extrathalamic cortical activating system may be signi®cantly affected by anaesthetics. However, all the studies cited above share one general feature in that it remains unclear whether the changes in brain stem neuronal ®ring are causative for the production of the anaesthetic state or whether they constitute epiphenomena.
Another interesting circuitry of the brain stem is the neuronal population involved in the generation and control of breathing, which is spontaneously active during wakefulness and anaesthesia. Zuperku's group 108 showed that the suppressive effects of a 1 MAC concentration increase of halothane on medullary expiratory neurones is mainly induced by a depression of glutamatergic neurotransmission and not by a potentiation of GABAergic inhibition. This was con®rmed using a decerebrate dog model allowing for a drug-free baseline. 107 109 The mathematical model of analysis used in these studies has also been applied in experiments on thalamic neurones. 39 
Thalamus
A key location for modulation of the ascending sensory signals is the thalamus as it is the immediate input stage to the cerebral cortex. In early studies 93 no changes in RF characteristics of primate thalamic neurones were found Electrophysiology in animal models: mechanisms of anaesthesia? with increasing anaesthetic depth, while later studies reported a decrease of response activity especially for nociceptive neurones in rats and cats under chloralose, pentobarbitoal, or urethane anaesthesia. 50 52 92 In contrast, increases of LTM responses and RF sizes were reported with increasing anaesthetic depth. 50 When compared with the awake state, the proportion of different response classes encountered in the rat thalamus changed: HT neurones were only found during pentobarbital anaesthesia, 78 while no difference in the neuronal classes sampled was found in the racoon under varying anaesthetic states, 103 and in monkeys under halothane and pentobarbital. 41 Dougherty and co-workers 41 correlated EEG measurements with thalamic single neurone responsiveness. On a background pentobarbital anaesthetic, a low dose of halothane (0.25%) produced a facilitation of cutaneous responses and a decrease in rate and burst pattern of ongoing activity, with no change in EEG; 0.5±1% halothane produced no change in ongoing activity and the evoked responses returned to baseline, with a concomitant reduction in EEG power; 2±3% halothane induced a suppression of all variables. In contrast, methohexital given on a background halothane anaesthetic produced a reduction in EEG power at a low dose, but no change in responses or ongoing activity; only at high doses was a suppression of all variables found. Halothane decreased RF sizes and abolished nociceptive responses at concentrations when low-threshold responses were still present, while methohexital had no effect on RF sizes and preferentially affected low-threshold responses. Although the results point to different mechanisms of action for halothane and methohexital, the results are dif®cult to interpret or to translate to other models, as the individual effects of the two anaesthetics cannot be differentiated.
Many of the discrepancies observed for thalamic responsiveness and organization probably result from differences in the anaesthetics per se and/or the doses used in the different studies. Again, a comparison with a drug-free baseline might shed some light on the causes of some of the discrepancies. In an early study, Baker 14 showed that responses and the surprisingly large RFs of VB neurones in the cat were unchanged during different stages of wakefulness, but that the rate of ongoing activity was high and regular during wakefulness and bursting during sleep and pentobarbital anaesthesia. In contrast, Morrow and Casey 81 82 demonstrated that processing of mechanoreceptive and nociceptive somatosensory information in VB of the monkey was modulated during changes of arousal in the awake animal (see also above). All somatosensory submodalities (hair, skin, deep, LT, and WDR) were affected and a mean change of 40% in evoked activity was seen. Arousal-related changes were independent of changes in ongoing activity. Most neurones responded maximally ). The anaesthetic strongly depresses the activity of two neurones and modestly affects the discharge rate of the remaining one. (C) Effects of three different anaesthetics on discharge rate of VTA neurones as compared with the awake state (100%; *P<0.05). The animals were adequately anaesthetized to the same clinical endpoint as determined by the absence of responses to tail pinch (from 70 ).
Vahle-Hinz and Detsch during quiet waking, fewer during drowsiness, and fewest during waking movement state.
The whisker system of rats and cats has been used extensively as a model for studies of somatosensory information processing, because facial whiskers arranged around the snout drive all types of mechanoreceptors also present in the human skin. Selective effects of halothane/ urethane anaesthesia on inputs from the spinal trigeminal nucleus interpolaris (Sp5i) to thalamic VB neurones as opposed to inputs from the principal trigeminal nucleus (Pr5) were studied by Friedberg and colleagues. 45 In rats, Sp5i mediates larger RFs (mean, ®ve to eight whiskers), whereas Pr5 mediates single-whisker RFs; however, most studies on VB neurones in anaesthetized rats report singlewhisker RFs. It was found that deeper levels of anaesthesia, as determined by dominant EEG/ECoG frequency, selectively gated the in¯uence of Sp5i inputs on VB neurone responses. With lighter levels of anaesthesia, RF sizes and peak onset latency of responses increased, while response probability and magnitude decreased. The question remains, whether the anaesthetic affected presynaptic or postsynaptic sites in the thalamus, or caused reduction of RF size and change in response properties by suppression of neurones in the brain stem Sp5i nucleus. Nevertheless, this study demonstrates a differential effect of an anaesthetic onto processing of information about the stimulus characteristics represented in a sensory modality.
Our own studies with iso¯urane in rats have shown dissociation between anaesthetic effects on the tactile and nociceptive systems. A feedback inhibition is exerted by GABAergic neurones of the TRN onto both VB and PO neurones (see Fig. 1 ). This provides a pathway for modulation and ®ltering of ascending sensory information that is a general feature of the thalamic stage within sensory systems. In higher mammals including humans, thalamic sensory nuclei also contain intrinsic GABAergic interneurones rendering the inhibitory network even more complex. The cerebral cortex thus receives information that is strongly ®ltered and modulated; for example, according to the stimulation situation of the sense organs, the degree of attention, or the sleep±wake situationÐhence the thalamus may be a strategic target for anaesthetics? We have shown in this model that iso¯urane changes the functional characteristics of thalamic somatosensory information transfer. 37 Tonic responses mediating information about the extent of de¯ection and movement velocity (Fig. 8) , and sustained vibratory responses (Fig. 9A) , were converted to phasic on-responses. Thus, information about stimulus characteristics was lost during anaesthesia with high concentrations of iso¯urane. Using local microiontophoretic administration of GABA and its receptor antagonist to the neurones under study, it was found that the enhancement of thalamic GABA A ergic inhibition appears to be the major target for suppression of LTM neuronal activity (Figs 8 and 9A   116 ). Nociceptive responses, on the other hand, appeared to be suppressed to a great extent at subthalamic sites (Fig. 9B  117 ) . This is in line with results of a study on nociceptive neurones of the medial thalamus in the goat model (see above), where low concentrations of iso¯urane administered to the torso circulation allowed nociceptive signal transmission to the thalamus but hindered thalamic responses at a higher concentration.
11 The arousal effect of noxious stimulation re¯ected in EEG power decrease was abolished in a similar way by increasing torso concentration from 0.3 to 1.0% or cranial concentration from 1.3 to 1.7% iso¯urane.
Neurones within the somatotopically organized lateral striatum receive topographic projections from SI and MI cortices and respond to mechanical stimulation of the peripheral RF in awake rats. 121 The same neurones are dosedependently suppressed and ®nally stop discharging in response to natural stimulation during anaesthesia (pentobarbital, ketamine, chloral hydrate, or urethane). The author suggested that glutamatergic inputs from SI cortex may still be intact under anaesthesia; however, the ®ring threshold of striatal neurones may be increased because of anaestheticinduced changes of GABAergic or other membrane channel mechanisms.
Cortex
Most studies addressing cortical effects of anaesthetics have used recordings of potentials evoked by electrical or natural stimulation of the RF of neurones. As discussed earlier, these allow the anaesthetic effects to be localized, but conceal the neuronal mechanisms involved.
Somatosensory-evoked potentials (SEPs) in the rat proved to be least affected by fentanyl/¯uanisone-midazolam anaesthesia when compared with ketamine-xylazine, medetomidine, and iso¯urane. 54 A differential in¯uence on SEPs and motor-evoked potentials (MEPs) was shown, for example, for en¯urane in monkeys. 106 While SEPs elicited by median and posterior tibial nerve stimulation remained stable apart from amplitude reduction, MEPs, elicited by transcranial magnetic stimulation, were attenuated dosedependently and were ®nally abolished by 0.25±1.0 MAC of Vahle-Hinz and Detsch en¯urane. MEPs were subjected to progressive elevation of threshold and reduction of effective scalp zone. These effects were attributed to central mechanisms, because MEPs elicited by spinal cord stimulation were unaffected. Etomidate, in contrast, even in concentrations inducing burst-suppression of the EEG, had no effect on SEPs recorded spinally and centrally and on early peaks of spinally recorded MEPs. 47 A differential in¯uence of pentobarbital on Ab-®bre-mediated mechanical-evoked potentials and Ad-and C-®bre-mediated mechanical or laser-evoked potentials (LEPs) was shown in rats. 98 While the former appeared to be facilitated, the latter were inhibited. The components returned with different time courses, LEPs being last, when the rat returned to wakefulness and began to exhibit coordinated movements.
The middle latency auditory-evoked potential (MLAEP) may be used as a measure of arousal and hence awareness during anaesthesia 19 and to demonstrate the responsiveness of the auditory system. Amplitudes of the MLAEP components were decreased and latencies increased under ketamine, xylazine, and propofol anaesthesia in guinea pigs and rats, but the response threshold to electrical or acoustic stimulation remained unchanged.
30 31 51 The recovery of the wave after propofol anaesthesia correlated with behavioural measures of the regaining of consciousness, but not with nocifensive movements.
The other approach, recording activity from single cortical neurones allows the study of the effects of anaesthesia on response properties re¯ecting details in the processing of sensory information. In single neurones of the primary somatosensory cortex (SI) of awake monkeys, velocity of brush movement across a cutaneous RF was encoded by different discharge rates but discrimination between different velocities was much poorer in most SI neurones than when a similar task was performed by humans.
23 Non-anaesthetic doses of pentobarbital caused a reduction in the overall discharge rate but enhanced the difference in response rate to two different stimulus velocities by greater suppression of the low velocity response (Fig. 10) . It was speculated that under low doses of barbiturates, detection of stimuli might be impaired, but discrimination enhanced. In rats, an increase from light to deep anaesthesia by the steroid anaesthetic agent althesin induced a reduction of RF sizes with respect to discharge rates and responsiveness to stimulus repetition rates
Fig 10
Pentobarbital-induced change in ®ring rate of a SI neurone in response to slow and fast movements of a brushing stimulus. Responses are compared between the physiologically intact drug-free awake state (control) and the anaesthetized state in a monkey. The stimulus was moved at 132 (V-1) and 182 (V-2) mm s ±1 across the RF on the palmar surface of the hand (arrow: stimulus end). Stimulus velocity is encoded in the peak discharge rate during control and pentobarbital (upper histograms). Although the overall level of activity is reduced under pentobarbital, the difference between the mean discharge rates (expressed in standard deviation units, d) elicited by the two stimulus velocities is enhanced, as presented schematically in the lower plots (from 23 ).
Electrophysiology in animal models: mechanisms of anaesthesia? (Fig. 11) . 13 Whether this was caused by the effects of the anaesthetic in the cortex or re¯ected changes already present in the spinal cord remains to be determined.
Using chronically implanted microelectrodes, the effects of ketamine were studied simultaneously in up to six neurones of the SI cortex for several days in rats behaving in a treadmill movement paradigm. 90 Ketamine was shown to exert two opposing effects: (1) a complete inhibition of all somatosensory responsiveness, including suppression of activity related to active limb movement and (2) a tonic excitation of a subgroup (one-third) of cortical neurones persisting in a dose-dependent manner. The complete suppression of somatosensory responses by ketamine was in contrast to the selective suppression of long-latency but not short-latency sensory responses by halothane and barbiturates. 21 An earlier study, 64 however, interpreted ketamine effects to result in a concurrent increase of neocortical and hippocampal activity, as seen in markedly enhanced evoked potential and single neurone activity in the somatosensory and visual cortices.
Single neurone responses to sound were compared in the primary auditory cortex of cats anaesthetized ®rst with iso¯urane and then with pentobarbital. 22 Compared with pentobarbital, iso¯urane had a profound impact on response sensitivity (higher thresholds, longer latencies) and temporal response properties of auditory cortical neurones. Periodic click trains, for example, were limited to an initial phase response to the ®rst click element under iso¯urane, while under pentobarbital responses were entrained to clicks of varying rates.
Direct comparison of effects of anaesthetics at different stages of ascending pathways
A differential suppression of`non-speci®c' (MRF, medial thalamus) rather than`speci®c' somatosensory, visual, and auditory regions was noted for barbiturates, ether, and halothane as demonstrated in EEG and evoked potential studies (for review 97 ). Sparks and co-workers 104 using tooth pulp stimulation, recorded evoked potentials in the midbrain reticular formation (MRF), thalamus, and cortex in monkeys. Ketamine markedly reduced or obliterated evoked potentials in MRF and medial thalamus, while little effect was seen in the speci®c sensory thalamic nucleus, which is the VB. Anaesthetic doses of ketamine, thus, were shown to block afferent signals mediating affective-emotional components of pain perception, but to spare the sensorydiscriminative component. The effects of pentobarbital and ketamine-xylazine anaesthesia on somatosensory cortical, brain stem auditory, and peripheral sensory-motor-evoked potentials were studied in the rat. 48 The results suggested that ketamine-xylazine affects synaptic transmission at the cortex and its communication with the thalamus, while pentobarbital seems to have a more generalized depressive effect in the CNS. Neither anaesthetic affected peripheral sensory or motor conduction, or the early components of the brain stem auditory response.
In a study on the effects of ketamine and/or pentobarbital on thalamic and cortical auditory neurones, Zurita and colleagues 128 found that the two anaesthetics had different and sometimes opposite effects suggesting different sites of action. Ketamine increased the acoustically evoked peak response rate in the majority of thalamic neurones, whereas it was decreased in the majority of cortical neurones (Fig. 12) . In both regions, the ongoing activity generally decreased; however, with a differential effect on burst pattern by pentobarbital and ketamine. In general, not only the discharge rates changed but also the pattern of discharges in response to stimulation. This, for example, pertained to an increase in tonal selectivity, and hence affected the functional properties of the neurones re¯ecting their involvement in the processing of sensory information.
The most extensive studies on the effects of anaesthetics at several hierarchical sites of the CNS have been done by Vahle-Hinz and Detsch Angel (for reviews 3 5 6 ). Most anaesthetics including volatile anaesthetics, barbiturates, nitrous oxide, and ketamine were shown to cause their effects by increased inhibition and decreased excitation of the thalamo-cortico-reticular circuitry. Some differential effects were seen with etomidate and benzodiazepines, and for propofol, the primary somatosensory cortex was suggested to be the major site of action. 4 These results were derived from recordings of responses of dorsal column, thalamic, and cortical neurones to electrical stimulation applied to the wrist of the rat. Responses of neurones in dorsal column nuclei in urethaneanaesthetized rats were found to be barely affected by iso¯urane at concentrations up to 3%.
3 5 6 Synaptic ef®-ciency may even be potentiated in the dorsal column nuclei of the decerebrate cat by pentobarbital and halothane and previous reports emphasize the remarkably high safety factor of signal transmission at this stage in the ascending pathway. 80 Similarly, the synaptic transmission to the thalamic VB neurones, that is at the next stage, is also characterized by a high safety factor under various conditions of anaesthesia. 2 115 In VB neurones, approximately 3% iso¯urane administered on background urethane anaesthesia induced an increase of response latency for only about 1±2 ms and a modest decrease in response probability. In our experiments 37 38 we used acute single neurone recordings in the ascending tactile pathway (Pr5, VB, SI; see Fig. 1 ) of the rat. These studies go beyond Angel's pioneering work by using adequate stimuli for activation of the different types of mechanoreceptors and thereby enabling assessment of central neuronal response characteristics underlying tactile information processing. For the typical Pr5 neurone shown in Figure 13A , an increase in iso¯urane concentration from 0.9 to 1.9% caused only a modest decrease in the response rate but no change of the response pattern (with its one-to-one discharges occurring phase-coupled to the cycles of the whisker vibration). In VB neurones, in contrast, the response pattern was altered fundamentally by the high iso¯urane concentration, which is that all stimulus-encoding features of the response were absent (Fig. 13B) ; a similar degree of response suppression Electrophysiology in animal models: mechanisms of anaesthesia? was seen at the cortical level (Fig. 13C) . The population also demonstrated the high susceptibility of the thalamo-cortical system to the depressive effects of iso¯urane as compared with the subthalamic site (Fig. 13D) . As the response activity encodes intensity, velocity, and duration of a mechanical stimulus affecting the body surface, this information is suppressed under higher iso¯urane concentrations because of the predominant thalamic block of sensory signalling. However, again, these studies compared changes in neuronal ®ring induced by an increase in anaesthetic dose and did not study the effects of the anaesthetic per se.
A general feature noted in many studies was that anaesthetic-induced effects on ongoing and stimulusevoked activity were unrelated. This observation applies to all stages of the ascending sensory pathways (see above) and may indicate that anaesthetic effects on the basal level of excitation of the neurones and on their modes of processing of sensory information may employ different mechanisms. Also, differential susceptibility to anaesthetic effects was noted for different sensory modalities (e.g. touch vs pain) and characteristics (e.g. tonic vs phasic responses, certain RF characteristics). The suppressive effects on stimulus-evoked neuronal responses in most cases, particularly in LTM neurones, were incomplete at the spinal cord level, even under high doses of anaesthetics, and responses were only abolished at the thalamic and cortical level, indicating a gradual reduction of information¯ow in the ascending pathways.
Conclusion
In vitro studies have provided insights into a great number of mechanisms of anaesthesia on the subcellular, cellular, and network level. The relative impact of effects demonstrated in those arti®cial preparations, however, has to be validated in fully intact in vivo preparations to elucidate their contribution to the production of the anaesthetic state. Many of the animal studies that addressed that question, however, have been hampered by the shortcomings inherent to animal models. The ideal animal model still does not exist and, therefore, the experimental designs, preparations Vahle-Hinz and Detsch and procedures implemented to date require further re®ne-ments to overcome their present limitations. The selection of appropriate recording sites is critical, CNS areas producing consciousness, cognitive functioning, perception and memory, however, have not been unequivocally identi®ed yet, rendering the assessment of the`where?' of anaesthetic action dif®cult. As long as it is not understood how neuronal activity translates into higher brain functions, measuring neuronal discharges will hardly enable the mechanisms underlying the anaesthetic-induced suppression of these functions to be pinpointed. Nevertheless, some in vivo animal studies have successfully tested the hypotheses put forward from in vitro ®ndings and, thus added valid pieces to the jigsaw of`where and how do anaesthetics cause anaesthesia?'. 
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